Abstract An extension of the harmonic oscillator model of aromaticity (HOMA) model to systems with carbonboron bonds is presented. Model parameters were estimated using experimental and theoretical bond lengths. It is shown that both approaches produce very similar HOMA models. In the second part of the article, the aromaticity levels of several model compounds containing carbonboron bonds are calculated using the previously obtained parameters. The results of these calculations are compared with those provided by other aromaticity indices. The aromaticity of boron-containing compounds is also compared with the aromaticity of analogous compounds containing carbon and nitrogen.
Introduction
The harmonic oscillator model of aromaticity (HOMA) is a leading method for the quantitative determination of cyclic p-electron delocalization (aromaticity) in chemical compounds. The HOMA method allows chemists to estimate the strength of this phenomenon in a quick and reliable way. The HOMA also has several advantages over other aromaticity indices. It is based on the geometrical criterion of aromaticity [1] , which stipulates that bond lengths in aromatic systems are between values that are typical for single and double bonds. Geometrical indices of aromaticity are easy to use because only the bond lengths of the system under study are required for the calculation, and often, these can be measured directly. In cases where no experimental data are available, bond lengths can be estimated efficiently using various theoretical approaches. Initially, the HOMA index had been established for carbocyclic compounds [2] , but an extension to heterocyclic compounds was later introduced [3] . The equation that defines the HOMA method is simple and analytic, which is why HOMA calculations consume extremely small amounts of computational time (HOMA data can be calculated without using a computer). The HOMA also has a unique approach that is not present in other geometrical indices of aromaticity. Other indices use only the assumption that bond lengths in aromatic compounds are more unified than in non-aromatic ones; in a fully aromatic compound, total unification of the bond lengths is expected. For this reason, other geometrical indices usually measure the differences in lengths between neighboring bonds. If, for any reason (usually symmetry constraints), the lengths of two neighboring bonds are similar, then the aromaticity values predicted by geometrical indices other than the HOMA index are artificially increased. In contrast, the HOMA index compares the differences between the measured or calculated bond lengths of the system under consideration with bond lengths optimized for aromatic bonds. As a result, the HOMA reveals the multidimensional character of aromaticity. The HOMA values can be split into two parts, the energetic (EN) and geometrical (GEO) values [4] , which have only a poor correlation between them. This way, two independent origins of dearomatization in a chemical species can be calculated. The HOMA index can also be used to measure the local (for one particular aromatic ring) or total (for many rings in one molecule) aromaticity in a molecule. In addition, the HOMA index can be employed for estimating the p-electron delocalization in the non-cyclic parts of a molecule [5, 6] .
If the HOMA value is to be calculated, then specific parameters are required for every bond type in the system being studied. Thus, the main problem associated with the application of the HOMA for different compounds is the finite number of bond types that have been parameterized. Only compounds with CC, CN, CO, CP, CS, NN, NO [3] , CSe [7] , and BN [8] bonds can be evaluated using the HOMA. A number of boron compounds in which the electron delocalization is proposed to play an important role in the bonding are known, and the aromatic properties of some of them have been studied [9] [10] [11] [12] [13] [14] . To date, only boron compounds with BN bonds can be examined using the HOMA method. Calculations of the HOMA parameters for the BC bond are presented in this study. A forthcoming article that focuses on the HOMA parameters of the boronboron bond is in preparation.
Computational details
The HOMA is expressed by the equation below:
where N is the number of bonds in the studied system and a is a constant calculated separately for each type of the bond. The value of a is determined such that the HOMA index value varies from 0 for a non-aromatic system [a structure with bond lengths equal to the reference bond lengths R(s), single, and R(d), double] to 1 for an aromatic system (all bond lengths have the ''optimum'', aromatic value, denoted as R opt ). R i represents the real bond length of the compound of interest. In the HOMA model, optimum or aromatic bond lengths are given by
where w denotes the ratio of force constants for double and single bonds (w = k(2)/k(1)). A value of w = 2 is usually assumed for all parameterized bonds, with an exception for the highly polar B-N bond [8] . The parameters of the HOMA index, such as R(s), R(d), R opt and a, can be obtained for the most common bonds in aromatic compounds, the carbon-carbon bond, and for bonds containing other elements. Thus, the values for the HOMA index can be calculated for heterocyclic compounds.
As was mentioned earlier, only the HOMA index provides insight into the multidimensional character of aromaticity. A decade ago [4] , the HOMA index was split into two sub-indices, namely EN and GEO,
where R ave is the average value of the bond lengths in the system under study. It was shown that the EN component describes a decrease in aromaticity due to bond elongation, whereas the GEO component describes dearomatization due to bond alternation. The splitting presented above can be applied only to carbocyclic compounds. The presented equation can be applied to heterocycles after transforming the bond lengths into bond numbers using the Pauling relationship [15] . The bond numbers are then converted into virtual carbon-carbon bonds with the same bond number. To perform these operations, the value of the c constant needs to be estimated for the specific type of bonding present.
This procedure is described in detail in Ref. [16] . The HOMA data obtained for the selected boron compounds have been compared with the results provided by other aromaticity indices, such as nucleus independent chemical shift(0) (NICS), NICS(1), and H.
The NICS indices are defined as theoretically computed negative values of the absolute magnetic shielding. The difference between NICS(0) and NICS (1) is the point at which the magnetic shielding value is calculated. The NICS(0) value is determined at the geometrical center of the ring under consideration [17] , whereas the NICS(1) value is calculated 1 Å above the center of the mean plane of the ring being studied [18] . The NICS(0) value for benzene is approximately -10 (the value varies with the level of theory), and for the anti-aromatic reference system cyclobutadiene, it is *28. In general, a more negative NICS value denotes a stronger aromaticity. The NICS(0) approximation was the first attempt to establish a reliable and easy-to-use magnetic index of aromaticity, and it was used in many investigations. Nevertheless, its reliability is questionable. The problem is that the NICS(0) values are calculated in the plane of the aromatic ring, where the density of the p-electrons is small or (if the ring is strictly flat) even equal to zero. Therefore, the NICS(0) values are under the strong influence of the r-electrons, while aromaticity is the result of p-electron delocalization. The solution for this disadvantage is the NICS(1) method that better reflects aromaticity patterns because at 1 Å above the ring plane, the effects of the p-electron ring current are dominant and local r-bonding contributions are diminished [19, 20] .
The H index is the value of the density of the total electron energy at the ring critical point [21] determined using the Quantum Theory of Atoms in Molecules [22] . The properties of the ring critical points were obtained using the AIMAll package [23] . Higher values of total energy density denote higher aromaticity. 
Results and discussion
Reliable data for the single and double bond lengths of each bond in the system under study are very important for HOMA analysis. These measurements are necessary for calculating the most critical HOMA parameter, which is the optimal length of the particular type of bond in a fully aromatic system, R opt . Such data have been taken from precise experimental measurements (single crystal crystallography, microwave spectroscopy) for all types of parameterized bonds. In our study, the lengths of double and single BC bonds are taken from published crystallographic data [30] for (bis(trimethylsilyl)methylene)-tbutylborane, see Fig. 1 . This compound is a good source for obtaining the reference lengths of the single and double carbon-boron bonds because its structural parameters are measured with sufficient quality and the single and double carbon-boron bonds are not disturbed by either intra-or intermolecular interactions. Alternatively, it is possible to obtain precise bond lengths from theoretical calculations. To determine whether reliable HOMA parameters could be obtained from theoretically predicted geometries and whether the differences between HOMA parameters obtained from ''experimental'' and ''theoretical'' bond lengths were significantly different, we calculated the lengths of the BC single (CH 3 -BH 2 ) and double (CH 2 =BH) bonds. The CH 3 -BH 2 and CH 2 =BH molecules with the non-equilibrium bond lengths necessary for the estimation of k(2) and k(1) force constants were calculated at the same level of theory (the procedure used for force constant estimation is described in [8] ).
After collecting all of the necessary experimental and theoretical data, we calculated three sets of HOMA model parameters (R opt , a, and c): HOMA exp (experimental lengths of the single and double BC bonds, w = 2), HOMA theo (theoretical lengths of the single and double BC bonds, w = 2), and HOMA theo/w (theoretical lengths of the single and double BC bonds, w = 1.9615 -the value estimated from theoretical calculations). All of these parameters are reported in Table 1 . The value of the force constant's ratio (w) estimated from theoretical values is almost two. Therefore, HOMA theo and HOMA theo/w are nearly identical. Some differences are observed between the ''theoretical'' HOMA parameters and those evaluated from experimental data. However, these differences are not very significant because the experimentally measured and theoretically calculated bonds lengths of the single and double carbon-boron bonds are similar.
The HOMA values calculated using the different sets of parameters for boron compounds (X = B) presented in Fig. 2 are collected in Table 2 . The columns labeled with EN ? GEO present the data obtained with Eq. 3; the other columns were calculated using Eq. 1. The differences between the columns in Table 2 are not significant. Most differences occur at the second decimal place and do not change the general aromaticity description of the model compounds. In addition, the correlation coefficients, which are displayed in Table 3 , indicate the high similarity of all the HOMA data. Aromaticity indices values for all studied model compounds containing carbon, nitrogen, and boron are collected in Table 4 . The HOMA data for the three compound series (X = CH, N, or B, see Fig. 2 ) are presented in Fig. 3 . The lines connecting points for compounds of different elements are qualitatively similar because the highest aromaticity is predicted for the benzene type of compounds (compounds C, D, and E). Lower aromaticity is observed in the cases of pyrrole (A and B) and naphthalene (F, G, H, I, and J) derivatives. Quantitative differences in the aromaticity between the carbon (X = CH), nitrogen (X = N), and boron (X = B) compounds are sometimes significant. In the case of nitrogen compounds, aromaticity variation is small, and these compounds are predicted by the HOMA model as either aromatic or highly aromatic. For carbon compounds, both benzene and naphthalene are aromatic, while the five-membered rings of compounds A and B, which contain the CH group, are anti-aromatic. The behaviors of boron compounds A-E are similar to the carbon ones (boron atoms inserted into the ring result in little change of the aromaticity). In contrast, in the case of the compounds F-J, the HOMA values for the boron derivatives of naphthalene are much lower than that of the parent naphthalene and vary from 0.3 to 0.6. The aromaticity of the all-nitrogen analogs of naphthalene is much higher and nearly constant. The presented data indicate that the aromaticity of boron compounds is the most variable.
We have also checked if different methods describe the aromaticity of studied boron compounds in the same way. Correlation coefficients between employed indices of aromaticity (summarized in Table 5 ) indicate, as expected, the greatest compatibility between NICS(0) and NICS (1) . A strong correlation (correlation coefficient of *0.90) is observed between the HOMA and both NICS approaches. Lower correlations with other indices are observed, with the correlation between the H and HOMA indices being the lowest. In general, according to the above-mentioned results, the description of the boron compounds' aromaticity by the HOMA index is consistent with that predicted by other indices, especially with the popular NICS approach.
Future studies of boron compounds within the framework of the HOMA method will allow for a deeper insight into their aromatic properties. This topic is highly researched in boron chemistry because of significant inconsistencies in predicting the aromaticity levels of some boron compounds. For example, according to Schleyer et al. [31] , borazine is non-aromatic due to the polar BN bonds and because it shows little or no evidence of ring currents. In contrast, the geometric indices of aromaticity (HOMA, Bird) calculated by Krygowski and co-workers [8] indicate that the aromaticity of borazine is only slightly less than that of benzene. Thus, future studies are required. It is interesting that the HOMA and NICS predictions for the model compounds with BC bonds presented in this article are consistent.
Conclusions
The HOMA is not only a very simple but also very reliable method for gathering information about the aromaticity of chemical compounds. This article opens up the possibility of using HOMA calculations for a large class of compounds that have a carbon-boron bond in their structure.
The results presented in this article reveal that the same HOMA values can be obtained not only using experimental bond lengths but also with bond lengths obtained from theoretical calculations. This conclusion is important because the number of bond types for which HOMA Rings with the X group (X = -CH, N, or B) An interesting feature of the boron compounds is that their aromaticity is more varied than their carbon and nitrogen counterparts. The aromaticity of the naphthalene substituted with boron atoms is strongly dependent on the location of boron atoms in the ring. This dependence is not observed in the case of the nitrogenated naphthalene derivatives.
Good correlations are obtained between HOMA and NICS data for the compounds containing carbon-boron bonds.
